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is cnusod nlmos® entirely ty the falluro of tho itdoulized
flatd to reprodvee the mctual flow cenditicns ut tho sur-
fa ef *re baldy

Becauge the tlhaery of paviect fluide givar zoaro drag
for all kedlsw and glvew no infermation crucarring con-
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tioue oMoromond 1t Do almogt ontti1ely arepocretled
ke tohavier 37 tne flc~ rt tue eirface or, 1u cthoer
P de, with %io Youncdavy larsr; ta 13, ail dreg, with
tno exceoption of tndured dras,g and dzag due to shock waves,
1) camae 30 ficw sepsra*ica such as oceur at raxiarz 1ifg
or a¢ hleh ailerca £, AnNg 11 Reynolds nunber of-
£ 3 Wre eutlrel ; or tha Lehavricr af the btound-

v layer,

fialce 13 well uanderatoced,
actual § ives 1t-
lr.yers

r, in




In order to find the cffect of varylirg pressuros
on the boundary-layar charnctorietice, von Kérudr applied
tro mozentun theorem to the doundary layer and dcrived
tha scwcallod “momontua equatinn" that glvce the rato of
thicvealng of the boundary laycr if the type of velocity
diatribution within the boundary layor, thc externnl pros-
sure distritution, and tho exin frictiom are known. It
wa3 feund in a numbor of caeos that, 1f the ehape of the
toundnry layor and tho ekin friction wero acsurned to te
tho gnze as in ypipone, good agrecmeat was obtalucd betweon
the calculated rnd oxpcrizeontal btoundary-layor thicitress
nand skzin frictioan. This procedure, however, falle to
¢lve any information concorning the changos 1a boundnry-
layor charactorietice that liead to soparmticn of the flow
fr the gurfaco., In additica to the momirntum equaticen,
n lation 18 noeded betweer tho shapo of tha veloclty
dlstribution in the touadary layor, the skin friction, and
|’ mrcssurc distrioution,

Soveral attecnpts have beon male ¢¢ find euch n rcla-
tion. ¥rom experimante in coanverging and dlvereing chan-
rals, ¥ikuradse, using water (reference 4, and Ldnch,
uwaing air (reference &), feund that, in caree ar vhich the
boundary leyer zlecng tra walls mot in the center of the
chansnel, tho volocity distridution ncross the clanzol was
a functlon of ¢ 2'5, whore « 1s tle nn_:le of diver-
reneo of “he charnol and 2 1s tn2 lNeynolds nunbtor based

n tre charrnel width and averasc valeuclty. 3uri, wioce
cr vag Qiscus-ed by Prandtl in refsrense €, used the
r 1ts of likuredse ard DéEnch in an attempt to calculate
tne ~eneral Tehavior of turbulent boui.dar: rera. DSuri
aseuncd that the saapc ¢f the boundary r wans always
~iven by the vnareneter of Vikurcdes and DTach., Cne of the
weaknecses in Juri's calculatione was the assuzption that
ci*y cietridution doperndeld cnly on
r ar? vae irdoponcdent of the
ary larer. 1t 3 noirted
Shuekh 18 n sgen-
b "Ll’:l - th
eh 1 acd to
tritution,

b 4 metcr depeondont
dlssritus in t} boundary
¢ il r¢ gradlent and
rclaticn, with tl mozentuls equatien,
rmino the develepment of tie turbdbu-
wleng a surface. Altheursh Sruschwitsz




obtaincd good agroemort with experiment Jor tun data pro-
gerted in his paper, othar irnveetigzatore who nnve tricd

to ngo the mothed reportod poor agrecmecnt for cacos in
which tho turdulont boundary layer ssvparatod frez tLio sur-
faco. Potcre (roforonco 8) conductod an irvoetigsaticn

fer the specific purpese of tosting the Gruscuwitz mathod
¢f calculation and concluded that thne Gruachwltz matlod
cannot be used *o datermine the locaticn ol ths eeparation
point nor even, in uaany casee, to prcdict whether ecpe-
ration will occur at all.

Trke purpose of the preeent invostigation 1c to detor-
mino the importnnt variadbles thrt control tre behavicr of
turdbulen*t boundery larers end ts devclop rereral relatlions
In terms of theee varinoles that descride the bdoundary-
layor motion. The fundameontal verinolee nust, of course,
t~ oxpresecd ncrflmansionrlly in terms of lacal bouadary-
layer quantitios.

The quantities at a givan rtation alconz » surfaco
that were felt to havo the rmos*t !'mportant offect on tleo
irthor dovelopzont of tho boundsry inyer exo tho follow-
ing:

(1) Skavs o tac bourdary-leyer profile

(2) Rate »: chanee nleng the surfaco c¢f thoe dynamle
presgure ouiside the boundary layor

(2) S¥in friction
Jata froam varlious pudlished gources =nd fror tests in the
AlA two-dliensionel low-turtulence ‘uunel :ade ecifl-

eslly v *ho precent ianvestigatlon were annlyzel in terms
¢ foregoing varialles in crdor t» find the ncodod

)

18T relation for tke rate of ckLange of skave of “hLe
nlary-lnrer nrofilcs.
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initisl vanlue of
constant
initial value ol §

$nitial value of Re

2.557 log, 4.075 Rg_

4 AY
2.557 (%2 + 1)
\20C /

SXPREIUTUTAL DATA

The dnta used in the sanalysls were collected from the
availadla liternturo =nd “roz tests nerforued in the KACA
two-dizensicnal low-turtulence turnel. The followlng ta-
vlo ghows the datn used in the present aunlrsis:
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Tho paper by Gruechwitz (rcference ?7) contained data on a
vinz 2nd on channol wnlls obtained from teete nt Gottingan.
Tho dcta froew run 2 on tho channel wnll in the forsm of
Voundery-laysr vslocity nrofilos, prereuro distribation,
nrd curvae of the momentun thicknees nnd the ehnpe parnm-
ctor plot%ted nzainst distarce along the plate were ussd.,
Trom Petere' pancr (rofersncs 8}, datn wero tekea in the
fnara of curves of the momentum thicknsee, skhapo garsneter,
rnd vrsecure coofficisrt ngrinst ths positicn nlong tle
"irfoil chord. Thseo tes*s were made 1in order to check

tke method of calculation nropoecd by Gruschwitsz, Tho
Keynolds aumber of tho test was not given oxplicitly ard
wvas Judgod %o Ye slightly luse than 4,000,000, ”Tho ro-
tulte from the tests at an nnglo of attnel ef 9 woero utad
beciute ths data for tris urgle <f nttnek wore prossnted
in a1 cunvonient form ard becnuso eopnration of the flow
hrd tu¥en placs nt tlhe rsar of ths wine.

A fsw rolntay warc cbtairned from the dbvoundarr-layer
vulocity profil end prossurc distridution crnatainsd in
refarcnce 11 The datr waro obt~ined from n_toet of an

I1liptizs eylindor nt nu magle of mttack of 6° ané n
Reynolife nunter nf 118,000 tzeod on tie ainor avas D of
t¥e ollips Taz ratia of mnojor %o minor 48 wns 2,96,
makine tko Roynolds nunter breed ¢n the majcr axls equal
to 1.'\-.

The drtn on turbulent toundary lavers irvolving sep-
iration ebtaired Irea Ltho RaCA swo-dilerw nrl lov-
tartilcncs *unnol wer 0llocted ‘rom mrev.oug %agts nnd
‘eom toests parformed snceifically fer the uressn® investi-
zation,

A fev turbulert bLeundary-layer profilzz that wera not
clese %0 s Tration 3 taineld Irnaz previcusly publisked
int ) C irfoll (rafera, 12}, i ints

1 inly bsc ner,s Lnver
th uso - d
a f da . 1

rs given £ 270 T-
broE : leceridbed

thieck alrf ho XACA 21F,-222 ’q,_
t te [ 4 numdol at two arglos
“h the bé wiaing troe datn vere the

tLose descrideld ir sofarence 9. All tlhe tssts of
1r€011 1nvolved turtulon® soparation, Tlhe data




frox thoee tests aro prosonted in tho form of boundary-
layer volocity profilcs for a number of stations along

*Lk: chord (figs. 1 to 4). The pressurc distributions are
given in figure 5. The regloa of turbulont soparation is
irdicated in the prossuroc distridution as the flat rcgloea
2t the rear of the airfoil. The chord of the airfoll wae
24 inchos and the airfoil was finishod as doscribcd ia
roforenco 9. Tho ordinates can be dorived by mothods o0x-
rlainod ia reforence 12. The finigh was frcoe froz all
surfave iunperfoctiong that could be felt by hand but had
a strip of carborundum-covorod colluleso "Scotch" tape 1
inch wido on the uppor euriace neoar tho loading edgo.

Tho othor modol tostod in tho NACA twe-dimoasional
low=turdulonco tunnel for data to bo used ir tho prosont
analysis was thoe NACA rnoso-eponing airfoil skapo 13. Tho
sodel had a chord of 36 inchos ané was finieked in tho
same mannar as the NaCi 66,2-215 (rofereacc 9), The sec-
tioa cordinates for tho VACa roso-openirng airfoil shape 13
nre given in referenca 13. Tha wing was %os®cd at an angle
of attack of 9,17 at tiree Roynolds numbers, The turdu-
lont senaration obtained in thig test was not eo rarked as
tkat obtained 1a tho teets of the Nala 56,2-216 aad NACA
65(216)-2z2 (avprox.) airfoils, althouzh tufts placed at
the rear of the wing on tho upvor surface indicated ‘sepa-
raticn. The data from tneece tess are presonted in flg-
ureo 6 and 7 in the forz of boundary-layer velocity pro-
files for a number of statinns alsng *ho chord. The pree-

ure dieotridbutions are given ia figure 8. The beginning
€ soparation is i1ndicatod Iir the pressuro distribuations
by tiio flatteaing of the curvoe at the rear of the airfoll.
TL nall fla% resion ‘u the prozsure distribution at tko
roso of the nirfeil is an izdica*ion of lamirar sopara=-
tion. %hoe boundary-layer velocity profilee for the region
nt the noos of the airfoll are shown in fizure 6. Tho pe-
culiar shaod £ the volocity diastribution Jor some of tho
tations, vrtievlarl; in ¢! carveoe tzat show inersasiceg
v.locity with appreach teward the wall, 18 prodabdly causged
nnwigs flows cv th irfcil. The osurdary-layor
thizkneesor cbtained {n th testr wore much larger than
folls

[\ [+
ually ebetain:d for airfoil § 3é-inch cherd.

ATALYSIS

The ation that givas the rate of change of t £0-
zentuz defart in a bVoundary lay:r, orisinally derivsd by




ven Kérmir, may be writton in the follewing forz for two-
dinsnsicanl flow:
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x
n

o u /.
trickaoss 7 (1
e TN

velocity «withia deuadary layer

velocity outsido toundary leyer
digtance perpondicular to curface

ekin fricticn per uvalit lengtk

Cynazic pressiuro cutuvide deundary laryer
distanca aleng surfaco

ehane pararetor

»
e paraneter ia defired an the ratin 8 /6

difforence totweea tho ac-

tuni flow cf anuent in tre Youndnry 1la; 121 that of

tr curntity of flulc flowing with volceity U 1is

this r {on, the length ¢ ziven t}

in thie sg. The lengtui 8 , cnllod Shi
fe: s “he amonnt oy whink ¢h» etream-

cutaic he bourndary lay T ccazeo
duction of velecity =tihin the bev la L
[ ds on ti néd power locity

ticen, .eroa * 4dovuende on only th "irat powor,

8*/8 devunds on tho manacr ia vkiek: ufU var-

¥ - thet 18, uwpon thoe skave ¢f 1 bouriary~layer

dis-

tZeatum aquation in the forr Juet gziven containo
cundnry-layar quantitisa. The locnl skin-
ficient s T./q. Tho ncndinersisrnal nrossaro




r 9 45 the unit of loneth end

lsnamic pressure,

t has teon shown that the shape cf thre
~layor profile datermines X, the coavers~ eunnot
1 froa usthaantical conestderattons alonc, I
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portional s¢ 5 It thus follo+s that is prevortion-

£
5
n

T T "
) S« =9 -2 3
al to g ubstituting i for Pt in the Poklhaueen
av U dq
paranoter and replacing s br i1ts ooculvalent 7q dax

gives a gquantity prorortional %o the Fohlherussn paramocter

cd %% {L, vhich in turn is equal to somo constant timee

q dx "o

dq 2a - w

o o= 3y a sizilar procoes of reaeoning, tle paramoter

0
%i. wvhere s is tho ejuivalont longth of the flat plate
x
bofore pressure rocovsry is bepu:x, which determince the
amount of prereure tnn{y can be rocovered in a leminar layer
with a straight-lire veloclity gradient ae given in refsr-
ence 1, can be shown *o be propdortional to € 4q Bq,
q dx Tg

Yikurndce (refersrce 4) found suat his results £oT turbu-
lent flew, which Zive “he velosity distribution acrosse
divarginug or coenvergling channels,agrecd vith sinilar meas-
urements mado by Uénch (reforeace 5) whea na %R had the
are valus., TFecr a given tyne of velocity distritution

Ll
crcse tho channol, - Eé at tho center i{e propcrtional
q dx

to tho mangle of divergence, vhore b is tho width of the
channal., Witkin tko rnnge of Rerynollds nuadere caverod by
tho iavostigations of Mimiraass nnd Dénch, tho skin-fric-
tion coofficicnt v} At the well was invercely preportions
L
1 to the JE. Ter a siven tyne of v lccity distribution,
. /- do 2
n,/& 1e therefcre prapecrtional to i T ;1 - It may be
ing out that lsheugn 4n Euri'e theery of $tnurbulant
sundary layere and rchihauson's thoor: ¢f larinnr boundary
Aa ¢ d3 .r . [ - ne
yer "i?: : d <] e tyno i Ve

leeit; lstritution in trs Youndary layer, in the pressat

4
inlysin 1t is magsumed +hnat % }i-}i affscts ocnly the
‘o
rat f chango cf ths t:'pe of veleccity distribution.

It seemed higkly srcdadbls that the rate cf chenge of
devend not caly on the ratio of the rrossure




eradiont to tho skin friction but alse ondého value of R
itsolf, Plots wero therofors mads of ¢ iz agalnst g:;i—%
at 0.1 intervals of E for all the data entering iato tho
Frosert aazalysis, These plcte are sivoa in flgure il,
Although thoe peoints show cousiderabdle scattor, dsfinite

A
9% with votn 2324 23 .,
ox g dx T,
H aro odegorvable, It mey be pointed out, hovevar, tat

tronds for tho variation o2 o

aa
both — and g-g were the slopes of oxperimontally doter—
zined curves, lIznrgo scattor of tho data thoroforns is to bo
expcctod, Tho large scaiter of the peints in figuro 11,
eonsoquontly, doas not noceczarily indicate auy sorious in—
alaquaclos in tko prusont zanalysis, Frou a study of the
avallable 4ate, 1t was found that the varlation of -}_3:

o Y
7itk .:.:% Zl and ¥ could be fairly well roprosonted by

To

tho ogquation

23 )

r 1
s.oreli-z.07s) 1 1. 2.¢7¢ (3 - 1.2868)]

[ -
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COMPARISON CF PRESZAT ANALYSIS WITH

GRUSCEWITZ AYALYSIS

In refercnce 7, Gruschwitz analyrzes the bolavior of
turbulent bcundary layerc in the following zanuer:

¢ an .
a.a_’- = F (%, Be)

vhore
shape paranetor

ug velocity at y = §

total pressure at dlgtance & from surface (g, 1in
referenco 7)

In writing this relaticn,

0

is izplicitly ascumed that

ax
ticn, tie Grueschwitz aralysie 1s subjfect to tho same crit-
icien se are the Zuril and Pohlliaueen methods for making
beundary-layer celculaticns., .ow

1t
£

is independent of g-. Fecuuse of this assunp-
A

o = L, - hy

roeferenco 7) 1rc the froe-strenm %otal

il da ,
dx

dx

<3

» this rolation 1

ad from tre present

& 53 29 ..\
\q 4x T ]
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The Gruschwitz relaticn, hewover, is very restricted in the
E
a

with the type of relation used in tho prosent investigatien.

cra of the dopendence of 6 §§ on %% in cemparison

Furthermore, no variation of & %2 with Rg is indicatoed

in thoe final oquations gilven by Gruschwitz,

In the Gruschwitz analysis, the arditrary functicen
vhich wns to bo detceruined exporimentally ccntainod only
cnd veriadle 1; «whereas, in thc prorent nnelysis, the
arbitrary functicr centalns two variadles, % gi %3 and K.

o
dpart from tho negloct of Rg, cne rvcason for the fallure
of the Gruuchwitsz aralysis 1s that a corrolatior of all
turbrlent-beundary-layer data in terms of a function con-

taeining enly on

inderendent variadle

vas net messibdlo.
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sary to use such a method although, for secme particular
caeee, the equatione may bo intcgrated directly. The meth-
od of calculation 1e ae follows: Tho values of the var-
iabloes entering into the ccmputation at the initial eta-
tion aro substituted in the mozentuz oquation ard tho equa-

tion for dE, Valuoe fer S8 and 48 are thue obtalnod
dx dx éx

nt the initial statiorn, An incremeatv of tke length along

the surfaco of the body x 1s thon choeen and rultirlied
g a%

by iy and e to sivo «€ nnd AH, rospectively.

Theso increzente of € and H are added to tho ianitial
valuos and result in valucs of € and HE for tho now
value ¢f x. The procoss 1= repeated until tho desired
result hae beon attained. Sopnrotien may Vo considercd to

Lave occurred when K risce to about 2.8,

The cholco of the incroment of x 1s a zmatter for
tl Judgmont of the 1irndividual investipratsr. As a genoral
rule, tho incroments of x saould bc mado samall when
il or i3 charnfee rapidly from cno velue of x to tho
éx dx ° ¢
noxt. In order to docrossc tho lcngth of tho calculation,
tho incroaonte of x uet to clLoscn es lario ee 1e cen-
rativlo with the sceureey dcsircéd., TFor she coaputatione
that wero made 4n orler to chock the rothed ¢f caleculation,
tho incromunt of x for one stop wns €0 chosun that :
.if, wx < 0,0025, vkore A& (%2: 1s tho ckarngo in %§
tetweon two succcesivo values of x and 4X 15 the incre-
uen f x. This criterion furniehce a areeure of the
maxinuz orrer that can be expected in AE for ere step of
the cezputation. Whon the flow anproaches separatiorn, H
unlly increasce very ra; ly ard, in suck cacgos, the
oronmcing critericen y t leresarded withou* esprreciable
rror in %} sition of e suparaticn int., By dlere-
rding th riterion vaon ti +low 1e cl9 t epara-
tioa, the length of the couputaticn ¥ bo reduccd.

A gnmple caleulation fer the RATA ‘npprox.)
irfoll ction a¢ g 10.1 and at 1.9 ie
glven in tadle I.

It s quostion ¢f separation 1s not involved and 1f
tko variaticrn of H lonsg the surface 1is nct of intereet,
reasorably accurate values of § may be obtained b nssum-
ing constant value of H and meroly using toe momentun
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quntien tegathor wlth the skin-friction relnticn to de-
teraine €. This preceduras is cubstantially the caze asg
that ef referance l4 whkore a cconstant value of E of 1.4
was chossn for calculating the proflle drag of sirfeil
scctions,

TESTS OF NZITHOD OF CALCULATIOY

In oréer to edbtrin a general chock of tho =ethod ef
calculation and te Autcrnmino whiether tho scernttar ¢f the
peints in figurv 1l wese primarily duo to the d1fficulty in
cbtaining the slcpes of oxporimental curvss er te scrieus
inadenuacice 1a tko anrlysie, ccmpututions wers carried
threugh for eight cages. Fer nll these comrutations, the
iritinl values cf H and € were edtained fron expori-
zentnl data,

A ceanuriseor datwecn the cnleculsmtod and exverlmental
variatiens of H and 6 alcng the surface is ghewn in
figures 1a tc 24. A ccuputation zuade by the Gruschwitsz
nethed (frem reference 8) ic included in figure 17. For
semo of the casee, companrisons of tle caleulsted and ex-
perizertal toundary-lsyer vrefiles at ona or two poeitions

ro 1lco preeentod, In gorar2l, the crletictlons are in
o°cd erireemcnt with the experimuntal curvoa. o eystezat-
!ec 1iftorences were found betw:en tho calenlotod and ox-
rerinental eurvos of I Althouzh the mrrcezent tetween
the cnlculated and exncrimental curves of 6 (fige. 14 to
24) 1s good in most cnecs, eckme consistont diffurcncoe are
azparcnzt as th raraticn peint is aprroacked, In thie
resion, many of the ealculated :aluma ef 6 arc less than
the exuerizental valu exnlesnation o the discrep-

0 £ 3 s 18 L Snutro and Yeun~ s%in-frletion
laticn is 4in orsy irdlcating an increasc in skin
fcticn ae %kt : : er velecity prcfile approaches

snnpe for ndsa

¥

~y, however, ia con~

Ty te t £9! u in friction

111 decrerse at 1 ‘ i intreactod, As
aprroaches soparatlen, *hc fluctuaticns irn the di-

flew ‘nerease. Such fluctuaticns make a pitot
2 valocitice hirher than *Le uctual velocities.
“ctuatisns ara large proportion tho nean flew
rface where recverscéd flov first desins.

ef a pitet *ube may explain wiy thd turdu-

Trofiles, whish aro clcse t H sonarated

Te t*Le characteristic Lunp at all values of
ecity profiles fer larce vnlues of L are

4




1%

therofero in error in tho region closs %o the surface. Tho
error in profilo share affocts B ae woll as K. Reailing

volocities too high for all points where % < 0.5 makes

8/c
ihe integral for ©, which 18 [ 3 (1 - ﬁ) a (f). larper
54

than it actually is. It iz to be oxpectod, tuszroforo, that
valuoas of € dotcrainod by pitot-tubo readingz should be
kighar than the truc values under conditions of unstoady
flow. On tha other hand, as separaticn ie apprcached, tho
relativoly greator vclocity fluctuatione necar the eurface
may causc tre skin friction to bo kighsr than whon condi-~
tione are far from ascparation; and tho affoct of theo lowor
avarazo valccitice near the surface, such ae cceur for
higher valves of H, may thus te compensatcd and poesibdly
overbelanccd. An attompt wae mado to corrclata tho local
skin-friction cocfficicnt with H, ©dut no coneietont ro-
sulte waro obtainod. A4lthough thoro still ie consideradlo
dcubt concerning tho truo valuc of tho exin-friction coof-
ficlont for conditions nowroaching eeparaticn, 1t is in-
torcsting to note that the Squire and Youus skin-friction
rolation was uscd through a range of R from 0O to
48,000 and apparently gavo good rosulte for mogt of tho
roglon covorod by the turbulent dbrundary layor.

In making a ealculation, tho initial conditicen of

the bveundary layor must by known. Computattono which havo
been pade do not indicato that tho calenlation for thoe H-
curve 1 sneclally sensitive te tho initial value of €.
Whon tho calculation is te be mnde for a caco in which tho
boundary layor ie in r etrong adverec prosouro gradiont -
that 1o, vhen % g% 33 1e of tro eame ordur er gronter
than 2,035 (K - 1,236) - tko initial valuc of E must bo
nccurately deterzined., This fact is ebtvioue because the

E dstermines how 2lo the flow is to e2para-

%, calculation is besun in a rozisn vhero

-]
is verr small or nositive, the bovndary layer ie

rensitivs to the initial value of H, For arplo,
, B t111 eventually Lave tho valuas of 1,266 ro-

ardle € its initial value,




Ths bYoundary-layer thicknecs is nct partieularly soen-
jtive to the initial value of H. This offect is eanrily
verified from the form of the momentum enuetion. Tie ef-
foct ef chsngos in tho initial valuc of 6 on *he beund-
ary-layer thickness further downstroam dopends on tho rol-

ativa magnitude of €43 ,na ;9- If the prassuro cradi-
q 4x 2q

nt ie largzoe in ccanarison with the skin friction, a
chnnro in the initinl value of & will produca a propor-
tion~l chango in tho rubsequent valuos of & hcroas, if
tho pressuro gradiont is small in conpariron with the skin
friction, » change in ths initial valve of 6 will rro-
duca n contctant incroment oqual to the initial change.

Thoe initinl valuc of & ordiaarily may be takon tho
tama ne thoe value for *no lnainer boundnary layer at thro
trancition point. fot oncugh ic ¥aown about tue machen-
iga of tr itien %o © ble %o stntu in ¢screra) what tho
fianitial valucs of H horld be. IS transition occurs
in n zoro or "favoratle" prossurc gradieut or if tie
voundury levar ir suiffictiertly tnin ~t the tranuition
peint, in scordrngo vith tho e . ..scusrcica, tho
pcziticn the turdulent o rabl will ot ba
grontly cted by *} choieco of L $al vnlue of H.

YRESSUPE

x
’ 4 " £ dn hid
I, =such a value may Le ascigaecl to T &x that & g;
= 0, Ir uroc may %e raccversd, therefore, without ¢
chanpge in toundary-layer shape if t) corrcct mressuro 1icw
tribution % us¢d. Tho nicossary proessnrn distiibutien
. ) H A
btaired by usine *he cvquatircns for A8 ppa d&‘
ojquations can be integrated directly if E ic as-

Az
ix

2quaticn for A indicates tiat, for eaci value

to Lhave a constant val:e. Wnen = 0,

£8 21, .03 ¢ s (1)
q dx T, *

C: is & constant. Th: romuntum thon ro-







c

{

3
fos r C, 1
2.557 | 2o%e 4.075 B+ (2—0 + 1) leg, ..9.%]

‘e

Tha variables are separadlo, Iot

F o o2.587 (S 4 1) 5 = 2.557 log, 4.075 Ry
-}

2

x
and, vhen =% =1, — = 0
€y 6,

Tho final equaticn ‘hcn dbeconmes

x Ve? o a2 {8 € : 1% ]
c 6 _1Y= -/‘?-0-2:)42 ,-10,—)(.1‘-:)
Gy " (\ceh A A \Ug "8

376\ _L._\-“
2 a) (roc ) (&)

!
’

'E 4+ 2\ /. N
l-_c_ (d’ - 1.2 f.)
" ) a2
DTy sue uee of equatione (3) and (4), curver of m
x
and -~ agzainet ,~ whick iandicate th2 ranner in vhieh
Yo Yo
nrescure crn Yo receverod without a shange In boundary=

layar apo, may be nictted., TFipure 25 1: & plot of 21

ainet 3, walel vs tLe emcunt of prossvra tha% can
rocovared for a ziven cnenge In & n funetion c¢f
¢ prefile to b ntainecd. The olot indicates
re ¢ > ccovered nt the mcat rapld rato for
K felirly c to ¢ val for seprration; =
ndbout 2.3, ecause tnoe flow with cuch higl
E ¢ apt & reteudy, a d cexpremd be~

ady fleo “and miniuum inerease in ¢ vith de
q wculd seecm *o0 be & value ¢f E of 1.7 or 1.8.




CONCLUSIOrS

An analysis of a considoratls amount of data for tur-
tulent boundary layers collected frcm tho avalleble 1it-
rature and from tests in the NACA two~dimensional low-
turbulence tunnel indicatss ths following ccnclusicns:

1. The shape of all turbulent becundary-laycr prc-

files can bs expressod as a fuaction of a single paran~
) & .

2, The variables that control tho developmoent of
tkes turbulont boundary laver anparently ars (1) the ratio
of the reordimoagional prossuro gradiont, exprossod in
torae of tho lucul dynnamic pressurs outside tho lLoundary
layor and undary-layer thickness, to tho lccal skin-
fricticn coofficient and (2) the shape of tha voundary

laysr.

3. 4n ompirical cauation has buen duvelopod in toras
f th variabloes tlat, whoen uced with the moacntum uoua-
tion and tho skin-friction relation, makes it pcecibla to
tracs th: dovelopment of tho turbulent boundary layor to

th varation peint.

eystaonatic variation of the sizin-friction co-
ith the sha aram:ter wag indicated by ¢h

ruration occurs for valu:s of the ohapo paran-
=1

r than 1.2 and loss an 2.€.

Langloy Kemorial Aorgnauticnl Latoratory,
Yational Advisory Comnitt for acronautica,
Lengloy Tield, Va.
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ABSTRACY
Analyaie was made of turbulent boundary layer data to determine the fundamental vari-
ables which control the development of turbulent boundary layers. The variables are the
ratio of the nondimensional preesure gradient to local skin friction coefficient and the
boundary layer shepe. Velocity distribution in’boundary layer could be expressed in terms
of a single parameter. An empirical equation utilizing these variebles ie used with the
momentum equation and skin friction relation to find the separation point,
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ABSTRACY
Analysis was made of turbulent boundary layer data to determine the fundamental vari-
ables which control the development of turbulent boundary layers. The variables are the
rutio of the pondimensional pressure gradient to local skin friction coefficient and the
boundary layer shape, Velocity distribution in’boundary layer could be expressed in terms

of a single parameter. An empirical equation utilizing these variables is used with the
pmomentun equation and skin friction relation to find the separation point.
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